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Abstract

H~~grI angle of attack flight control is of utmost importance to military

au’C~’ it t  in air combat maneuvering. Flight in this regime has in recent

-i 
L ’O r ’ , caused many hi gh perfo rmance aircraft to be lost due to departure of the

a f ~~[ l ’~~~t. The ae rodynami cs i n th i s reg ime are hig hl y nonlinear. The p roblem
is compounded by the fact that the aerodynamics are not well known. This

~ape r considers the use of adaptive control in order to perform model following

of an l I i d e a l I I  aircra ft in the presence of uncertain aerodynamic coefficients .

I n  po~ ticu lar , the partitioning approach of adaptive control is extended to
‘~ e imp licit mode l following problem. This is then used to solve the problem

of r igh angle of attack fli ght control .

I .  introduction

Hi ;h angle of attack flight may cause undesirab l e aircraft dynami c

~erponse. This dynamic response has been the cause for the loss of many

t~~ j’h ~rFo r -f! ,1nc e swept-win g airc raft due to stall—departure problems . Air-

‘~~f t  ~eparture can he defined {J J as an uncomanded and/or uncontrollable
:1~~ilar~r~~c respor re of the aircraft. It is manifested as either a divergent

i li r q -s j d ~ slippin g osc~’.lation of large amplitude , i.e., wing rock , or a

l i r ç e  ra r’ iJ yo~ i generally tol lowed by a rapid roll , i.e., nose slice . For

~‘A , i ’ ,~~~IC , refe rence [1 1 documents a simulation in which an A — 7 airplane in a
t L , ’~fl Of  ~;iqh anglo of at tack flight exhi bited nose slice wi th a yaw rate
bui 1du~ of ap nro xi ni te l y 65 deg/~ec. In an actual flight this would have

,riused a spi n from which the probability of recovery would have been low.

~eis con d iti on is ercountered , i t is unant i c i pated and the p ilot i s under
;h’,~ica 1 and mental stress; the aircraft and pilot will most likely be lost if

depar ’ •, I€ .  occ u rs du r i ng com bat an d certa inly w i ll be lost un der 15,000 ft
-‘lt i ‘~ .;s re]di-~ i ess or spin recovery characteristics [2].

~ f 9  import ance ~f departure led to a symposium at the Air Force Fli ght
fl’j nmi cr Labor I~~~i ry  in 1971 on AFFDL Stall/Post Stall/Spin Symposium. Since

‘~ en ; ery articles have appeared in the study of departure [1 ,2,3,4,51.
c - ; ~~ s tud ies l ’ IV P  been made to i denti fy the aerodynami c coefficients in

n~~~IJh aii qle of attack regime . Refe rence [6] is a complete study of this.

N ~ ~.ç. ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~.• ‘.• ,~~~ . .. 
- -~~~~~~~~~ -- 
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H cwu ’, ,r , in o’ i •-I  t o  coHort  rea l  t ore data for proper identification , it is

necessa r y to s-IHect the aircr alr to divergence. Wind tunnel data , al thou gh
v y ! - A r ble , st i l l  have residu al errors due to differences in unsteady flow

he~~ay ri th e w ’ !  1 tunnel and the actual flight condition. It is desirable to

acc urat e ly have k n o w lecqe  as to the coefficients for control purposes; in fact,

it is r l e c o rs a r y .

his p a r e r  cons ide rs  the control of aircraft at high ang les of attack in
t ke preseme o~ sri ::c rtainty in the aerodynamic coefficients. In particular ,

tP r url l i r IE ’ : r equat i ons cf motion are linearized about a given flight condi —

tion. The  nonli rear aerodynamics are included in the model. An ideal aircraft

;‘uiel for the riven flight condition is developed. This ideal model varies

w i t h c h a r ~~es in f li ii ~t condition. An adaptive implicit model following control

we s cieve lope l in order to keep the actual aircraft close to the ideal

respari so ’ . 2”cer~ a int ies  in the aero dynam i c coeff i c ients are el im i nated by
idpt4 ”ir’ u St i c i c l tar .

~his paper i s  divided into five sections. The next section contains the

prob lem s t a t a i n i a r t .  Eect ion  I I I  g i v e s  the development of the control law.

Ses t ion  11 conta ins  a d iscussion as to how the ideal model for the A-7 was
Cn5j ’:,ae . A fl~~’ o r — r ’ t  a i rcraf t  may have a different ideal model . Section V

c o nt a i ns  s i I 1~~la t a u n  ~e’~ults icr ;ne A -7 aircraft using the control law in the
pa per .  ~o r t ion  V i yie lds the conclusions.

• II. Problem Statement

Tke e q ia t i o n s  of mot ion of an aircraft linearized about a given angle of

a t t a c k , -~~~; E -il er angles between gravity oriented inertial axis and aircraft

~o dy xi s , 1p~ ’ ~~~~~
. ~~~; the flight path angle, 

~“o 
an gular veloc i t ies , p0, q0

,

a’~’~ ‘ ;  nnr ’ ra ’ f ; I
~~~~~rd velocity, U0; sides lip angle, 

~~ 
an d g i ven as

‘.1 = A(u 1, t)x+B(p 2 ,t)u

Tx = 

~~~~~~~~ 
~

— q, 
~~

—

~~~~~~
‘ 

p, r ,’R , e~
_ e

~ 0~

T —- ‘e ’ ‘ a ’

2 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~ 
‘
~ -. 

•

~~~ •. 
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a r e  i s  th~ per tu bed total linear velocity ; ~~—ü~~ is the perturbed angle
• ~ a t ta c k ;  p. r~, anr~ r are the perturbed angular velocities; 6-Be i s the

pe • .:~~d si 2eslip angle; 
~~~~ 

is the perturbed pitch angle and 4is the

~o i l  angle. The contr~i s ar e assume d to be deflect i ons in elevator , 6e’ in
a i 1 oron , 6 , and in rudder , 5R~ 

The matrices A and B are given in Appendix A

as well as the definitions of ~ and 
~2 • The parame ter vec tor p

1 
and U

2

(Ontain the aerodynami c coefficients which are assumed uncertain except for an

a pr ior i  probability density function. The coefficients are assumed constant

ov e r  t h e  t i m e  interval that the linearization is assumed valid. The time

ependency of the A and B matrices depict the temporally changing lineariza-
t i n.

It is assumed that a noisy measurement of the states is avai lable , i.e.,

C x + v  (2)

.-n n r e  v is zero mean i’ ini te noise with covariance E~ v(t)v L r ) = VR~~
( t - T )  and

C is defined in Appendix A.
- ‘oil; Equat ion (ir.2 ), i t  may be noted that the longitudinal and lateral

r o s e s  o h the airc raft are highly coupled . Furthermore , as may be note d by 
-

C~~~- i I I S 1 O f l  of the equations of motion, there are many destabilizing terms in
the ~‘~ ra t i o n S .  Cr~~~r~quent ly, it is an extremely di fficult niultivariable task

for the pilot to p event departure at high ang les of attack. This is especially
• rue  in air combat maneuve ring as the physical and menta l stress occupies the

p i l o t ’ s attent 1on . Thus , ~t is desirable to obtain a closed loop control law -

‘

wh Lh w ill prevent departure. One method is reported in [5] where the author

1’velops a feedback control to eliminate perturbations about a nominal trajec-
t o ry  ~or a deterministic system. The approach in this paper is to design a

r - ’ O (iOdCk j r t ro law based on model fol l owing of an ideally responding air-

~.roft. The advantage is that the model fol lowing control more closely gives a -

- , c r rul law that will yield a desirable response. Thus, for exam p le 5

‘ i ’ Loupl ing of the yaw -roi l  problem in nose sl ice may be approximately obtained
bj p l a c i n g  this feature into the ideal model . The destabil izing terms may be

‘ :- ‘r sdted by uSc: of the model. The adaptive control law will compensate
f o r  u~ :ertaintie ’ in the aerodynamic coefficients by real time learning. The -

3
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development of the ideal nc-del will be explai ned in Section IV with a specific
example given for tb A - 7 in a part icular f l ight condition . The form of the
model is

z = A~( t )z  (3)

where the time var’,’ing Am matrix corresponds to the ideal model changing due
to the different flight conditions. Since implicit model following [10] is to
be accomplished , the performance index is taken to be

J = ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (4) J
to

where y0 is the o u t p u t v e c t o r  ~not  to be confused with the measurement vector)

y0 
= C0x (5)

wh e re C0 is a Hir e in~ariant distribution matrix and y0 is a general term
• since x arid z mw ,~ n b  be of the same dim~ns i ons an d where R~ weights the

contro l surt are Oct ect ion s and is a pos itive definite matrix , weights

ex rirs ic -’ cs fror;c the - c~~~ 1 response , and tf is chosen as the interval over which

the li n -arizati un and constonc~ of the aero dynam i c coeff i c i en ts are assume d

valid. The opti m al control would fall into the class of dual control problems .

However , additi esa l uncertainties in the model other than those accounted for,

unsteady flow pr oblems , as well as the survivability dictates that the dual

control may not be used . This is because additional control responses due to

the identi lication aspect of dual control may , because of ad diti onal uncer-
tainties, caus r- an extremely undesirable response leading , perhaps , to an
aggravati on o f tb ’ divergence problem. This may in an extreme case lead to

the 1 oss o’ the a ir ra ft. T hn s , an adaptive open loop feedback controller

will be chosc:n. ~ e • are r~ () major techniques that may be used. The first

in ref erenc€ 
~H 

yi~~l’i th~ optima l open loo p feedback contro l le r  for the
p ro b lem wi ;h un~~’ r t c I 1r parwmeters . The computational burden of the technique

is large r t b - n ~~~: ‘  or ‘ r d  t e; r’ r i iqu e of [8] even though it w ill lead to better

4

~~~~ ~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ •, - , . 
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0 t c ’ ’~~r r r:e as it is an optimal technique. Since optimality certainly must,
i! t h is appl icat io n , include computational burden , the t e c h n i q u e  as g i v e n  i n

[8 1 w i M  be extended to the model fol lowing problem.
boo p a r t i t i o nin g  technique as in [ 8] cons i s ts of us i ng a con trol law

found by solving the rj -con di t i onal control p ro b lem an d then wei ght i ng the p-

conditional control with the probability density of p c o nd i t i o n e d  on the

mea~ , r -em ent s .  The technique includes the measurement conditional probability
density function for in the solution for the control gains. This yields the h
optima l open -loop feedback control solution , but it has the disadvantage that jj
~J e  en - a t ion s  fo r  the control gain differ at each measurement. In this paper
a control law with as little computational burden as possible consistent with

the uncer ta in ty  problem and good performance is desired . Consequently, the

pa ’titioning algorithm wil l  be chosen as the adaptive contro l method in this
a e r.

ill. Control Law Deve l opmertt

The solution to the partitioned ada pt ive con trol model reference p ro b lem
may h~ found by us i ng st ate augmentation techniques The new state ~ is

~a s  ~ n u O  as

T T T
= [ x  , z ].

T h i s  ,‘ields a s ta te  e q u a t i o n  as

= + ~(p~ )u (6)

r e r e

= 
[A(u i ) 

0]

= 
[B(U 2

)]

5

~ 

~~~- - 

‘

,. 1
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T 1~~ 
.
~~ - “ o mce index ray be easi 1~ rewritten as

3 = E~
f 

f [x T
~ (~ 1 )x + 2u

T
s(p 1 ,0 2 )x 

+ u
T
~~( u 2 )u]dt~ 

( 7 )

~
,ihe ,e

= [c 0A ( 0 1 ) ~ A C ] T Q [C A ( ) - A C O].

= B (i: )
T
C
0

T
Qp[C0

A (pi ) ~
AmCo]~ 

(8)

= B(U 2)
T
C0
T
Q~C0B(U2) 

+ R
2
.

Th us. it r ca’ i be r ated that the integral under the performance index as
w i  as the syster  dy namics are functions of p

1 
and

The pa rtitioned adaptive control law may be found by solving for the

O C L r c  , l i n i S t iC c r n t o i  gai l cond itioned on 
~~ 

and  
~2 ’ 

for  the p 1,  p
2 

condi—
t r)r ra ~ Lcl~~~~ri i 1 f r ~ estimate , x(t~~1,o 2 rk~)~ and for the conditional density ,

= 
~y (-r),t0 < T < t } ,  and us i ng as a control

I 
u(t) 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
(9)

I f  ;r 1 and ~ .~re def i ned over discrete ranges , then  e q u a t i o n  ( 9 ) may be re-

~~

. .• 
w r i t ten as

~~~

I 

u(t)  = 

j~~~~~

(10)

• . 
~r ’1i ’~ 2j~~t~

where P1,((.)) denotes the probabil ity of the event (.). The contro l gain may
be deterni ir ’ -’d b y tha solut ion of the p . and 

~2 . conditional deterministic
~1 3

ir ’(,DlCfll , i .e.

6
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-

= -~
T(
~~

.Y1 1S(o 1.,u 2.) + B(p 2~)
TP(p 1 . ,~ 2.,t)] (11)

I 50

= P(p1 .,~~2 .,t)[A (p1.) 
- B( p 2.)R (u2.1

1

S(p 1 .,o~~)] + {A( p .)
1 ‘j i i

- B(a 2 . ) R ( p~, .Yt S( p 1. ~~~ )1Tp (~ ,02~ ,t) (12)

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

± ~~( i ~~~. )  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

= 1 ,2,...,z1

V~ = 1,2,...

w iSP m a t  co c , iiti ’a r r

P(t , ~~~~~~~ 
= 0, Vi ,j.

•1 
~~

Th e filter equations are the standard Kalman equatio ns

• 
~

( t I p 1.~~ 2 . , Y t ) = A ( p 1.)~~
( tj p 11 , U 2 . , Y t )

+ B(
~ 2 )K(tip 1 ,

~ 2.)~
(tIp 1. ,U 2 . ,Y t) (13)

+ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

w i t h

= 
~(t0)

..i he rI

= v ( t j p l.)cT v R
1 (14)

7
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‘.(  L~ ~~~~ = A(~ )V(tJ 
~~~ 

+ V(t J 
~‘i ~~~~~ 

)
T

(15)

- V(t !p j.)C
1
V R

’ CV (t~p 11 )

i =
j = l ,2,...,~~

a r d

V(t01p 1 . ) = V(t0).

The r r r i i t i o n a l  r r ’obab i l ity density function for p . and ~ . may be computed1 1
V u

~~~~~~~~~ 
=

~ )r(o )ex2~f 
T(t i~~~ y ) c T v 1y (t)dtj

t
~ Cx(tl Y ) l  

~ 
1dt~

______ 

t0 R

~~~ 
r ) e f x ( t b 0 ~ i

,, 2 j
,Y t )C T V R

1Y (t o )dt
f F t U l. ,U 2 . , Y t

2
,dt~

( 16)
= l,2,. ..,Q 1

j = 1,2 ,. .. ‘~ 2

4h :50 P(~. . )  ~rIi P(~ 2 ) are the a p r i o r i  probabil i t ies for and p
2~~

, res pec-
ti i l y . Tne s i r u l a t  ions use the proper discrete form of the equation as in

r~ fh:rense [9 1
Tt~ pr~ c r - d j o  is~ thus , to first obtain a set of linearized equations

• wh irr rho linn arizat i or is taken over the current fl i ght condition . This

lirea ri , :iti on mus t be ~~dated frequently as the changing flight regime may

d rasti ca lly r ;oi nr ra ’ the d”namic response. It  is assumed that over a given time

per m i  i ’ ;u i rod /r amic — oeificients are constant. This assumption is va lid

8

liP ~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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- -

Ov ’ thu same regi on that the ~ineariz ation assumption is valid. However , the
- ‘ r d , r O r ~1lc ~~~~~ d ents are not exactly known . It is assumed that the uncer-

ou r; c c  1icier rts are defined over a discrete range . This procedure defines
the linea r equat ions as in equation (1). The ideal model which is dependent
:01 thu angle of attack and sid esli p angle is utilized along with the measure—
i : c ’ r ~i t ,r uation as in (2) along with the determination of the output equation (5)
in order to de f i ne  the remainin g equations for dynamic response. The control

‘ -~~i qh t i nq m a t r i x  R~ and model matching weighting matrix must be determined .
i - ” final time , tf~ must be determined. This is the maximum time that the
i r oi r i z a tio ni will be assumed valid.

Thus . all the equations necessary for con trol law des ig n are now assume d

to be available. Equations (13-15) are used to obtain the p 1 and p
2 

cond i t ional
S a r a estimates for the aircraft state. This is used in equation (16) to find

the p - cb a b i l i ty of each p
~~ 

and p 2 . The control gain as in (11) is calculated ,

or b trio contro l is determined from equation (10).

An approximate law may be obtained by finding the steady state gains K

ari d r10 steady sta le Kaiman filter and using these in the control computations .

IV . Ideal A i r c r a f t  Model

Th i s section uses the equations for the A-7 as given in Appendix A in

o- ’der to discuss the reasons for departure of the A-7 and in order to yield an

d~~l mode l with better response in the high angle of attack regime.

Tb~ equat ions of motion for the actual A— 7 are given in Appedix A . They

are forcanlatod using wind axes and the aerodynamic derivatives are evaluated

~~t a ~‘ r  stall flight condition of = 19 deg and 80 = 6 deg. The i ncremen tal
ch an n~’ in  r o l l i n g  momen t L~ and in yaw moment are calculated by

L .+ (I /1 )N.
L~ = 1 - (‘~~/

I I)

and (17)

N. + (I I! )L.
= 1

’_ (I~~/1~ I)~

~9
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wi ere I d ero t ’; I 00 i cul u St  ito vat- i abl e and wnere I~ an d I~ ar~ body

d\05  r O b i n - , c~t H r t i a , I~~ is he respective cross product of inertia , and

L 1 i id  d ’ i  L i re  ‘ r od yni amiC ‘CriOn t s about the conventional aircraft body

a~~ s, As ‘nen rored in eferen~ e [fl , the major coupling which affects depar—

ure fu r time ~-7 is provided by the kinematic terms

Z~~~r n 0 C0S c* 0

(18)

Zr = sin

(ro e equ etio rm f~. 2 ), and the aerodynamic terms L 1 an d N~. The kinematic terms

arise due to thE ’ rotat ing coordinate system . The aerodynamic terms L~ and N’
us ;ol i as L Old N~ are g iven  as functions of o and ~ in F ig ure 9 of reference
~ In the (mime ~~~~ -

~stal~ 
(the stall  angle of a t tack)  these aerodynamic

t r r r r n ~ change s i s j r and , therefore , an aerodynamic term stabilizing at small a

can c o n t r t h t ur to the tendency for departure at high a.

The A-7 as a typical nose slice departure . The i n f l u e n c e  of the main

es j vr i r , r rv j  is cic r’ i ~-itj ;e; or, th is departure is discussed at length in reference

[ I I .  Therefore , in the fo l l o w i n g , only points pertinent to finding the ideal

u-model 0cC discussed. Th i s disc oss on is based upon many simulation runs as

“~ell as pr ,vsical insi ght.

The i r~t iue n ce of the ‘effective derivatives ”

Z~ = cos

and (19)

Tr = sin a0

is not i rc’a ,i - )r influen ce on the ideal model. Consequently, the ideal model

:“r~ a ins thu - -s e te ss in their original form . In s ome of the simulations they

zeroed ~51 the results were not changed significantly.
u on ~,ra t i c lateral stability in yaw , N~ should be positive. Figure 9 in

~I iurerlce [1] snow s that a negative N~ can be ex pecte d for an ang le of attack
neater th ur 17 Jeq. or a flight wi th high ang le of at tack and small side-

10
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s l i p ,  ~ - 0 ‘ail ~ i ‘ c - n ose the sideslip angle and wifl , therefore , increase N’U
wh ch is . in t n e  ni ;h angle of attack , always destabilizing. The result is

t o  hvi;ir yaw ra t- of the ai’~cra ft.

For st ati c lateral stability in rol l , L~ should be negative. This means
4 - r t  a Os i t i v e  jr ,~.j~nted bank angle (right wing down ) will induce a positive

s ’  es i  p ili ch (iu ~ eS a neg ative rolling moment wi th a decrease in bank angle

0 (c?SOlt . A rr n j : i ~~~ ve ~ and a negative L’ are th e p r imary reasons for
sop u r t u u ’e of ih o A-7 after a rap id yaw. The L’ is negative if a > 23 deg and

~~ ‘ u n ~ r tude irrcrea ses ‘ N ith sidesli p.

~~~..r de sired model for implicit model following was obtained with severa l

qoak r bin d. T ic term s in the state model were chosen with the following

-O :ilts . The v ,~ tuorrient due to sideslip should be positive , N~ > 0. This

- :ec oaase the sideslip and therefore the destabilizing influence of L’ and

C . Tb roll m o - r ent duo to sides lip should be negat ive , L < 0. An artificial
• static ro i l st b ili t y — 0) was introduced instead of the “na tu r a l ” static

.~~i r  s~~ P i1 i ty (L ,’ 0) which can contribute to departure .
— Th u- i , - a - r i~ 1 ~ n c’~~n w ith the above criteria satisfied. Simulations were

C ( f l ( i ’ n  t i  to rr elp ( b~ose and to verify the model picked. These were compared
F ,~ :c : j r j  [-7 ~ rr Inc san e flight regime with significant improvement. The

:: - , rt i~ L 11i  - r i  Thr the flight condition about a0 = 190 an d = 6° is

• r-o.o€ 34 -22.68 0 -5.766 0 0 3.187 -32.024

u 3009 -9.323 1.0 0 -0.0995 -0.0338 0 0

r) 
~3~ 577 -0.386 0 -0.0082 0.0025 0 0

A ,., = 0 u.0122 0 -0.1062 0.3216 -0.9469 0.1166 0.0129 (20)

1) 0 0 -1.0 -0.849 0.3323 -0.5 0

O 0 0 1.5 0.0193 -0.1276 0 0

0 0 0 0 1.0 0.3397 0 -0.0116

0 C 1. 0 0 0 0 0.0104 0

‘c avai ia bie controls are aileron deflection , elevator deflection , and

uOri -~r d Hection. The thrust is constant over the flight.

Ihe rie~ t 5cc’ iso-i yields the results.

11
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V. Simulation Results

Turo cnr’’’ c 1 
I i ’ .’ , e nd - . ‘ a u  to f ind the adaptive implicit mode i following

lu.  ‘ -  ‘ c A - 7  ~b , ’ ti e = jy O and 0 
= 60 case. The model used is

Jet lPr’ O 1~ ~~ ‘ ‘ it  1 ! l  (20) . A ~~~~ l L  0 r t - b b n I ItS  of dli the states corrupted by white

Ilib Is è  ~w - r  assu red a v a i l a b le. The standard deviations for the measurement

nO se d r ’  OS fo l ’ a - . :  - o l ocity p e rtu rb at i on , 1.25 ft/sec ; angle of attack

p e r t u r b a t i o n , 3 . 0 - a rads ; i i~ ch rate , 0.01 rad/ sec;  sideslip perturbation,

0. )~ rad; roll -tsr , 0.01 rad/sec; yaw rate , 0.01 rad/sec; roll angle ,

0.1)05 n ’ad ’, m n  pitch angle o~rturbation , 0.005 rad. In each fi gure for  th i s
L O S e ,  t ie nnr~rencl atur o A-7 corresponds to an open loop 

~~ 
= 
~R 

= 
~a 

= 0)
S i b u l - O t i D i b  Of t hO A -7  with an initial yaw rate of —10 deg/sec . As is shown

i i i  ce’ro-ence [1j contru~ input typical of an actual pilot response does not

c c n i L r _- o 
~‘r -  le nin c . Tu e nomenclature MO corresponds to an ideal model

whL rt tb~ cont ro~ is caftulated to follow , and the noiienclature MF corresponds

a the ~is t O0 i  A - I  respon se w i s h  the closed loop control calculated in this

~~s” r- . Eq al sontro l weighting was used.
IF 1 ~ d~ S wed t hat the coefficients L’ , N’ an d L’ are uncertain. These

-0 ii P
• c O t t ~~CI c O l t S  f l d v L’  ,i I r i e 7 a r  iron ic t an lateral directional stabil ity . The true

v i i  L~ ~ t coo pc ~ool e~ ~ w O Y C  3. j 5 
* —l .405 , and —0.849 , respectivel y. It was

c S  ~ --‘3 tba~ tue po s s i b l e  r a r , c ’ ie tor  vectors , {L’ , N ’ , L~}
T, were 1.9, 1.45,

LU, O.tS and 0.1 t ir e s  the true values . That is , the possible parameter set

was curta i ned .-i i th in a set of five possible values. The adaptation took
• p l o s e  on thr:- .e t ki r~ e ausr odyr am i  c coeffi ci ents.

Fi cj c e 1 2  show the radical difference in response using the control

la i rr ivuu in c is paper. The actual /1-7 shows a buildup of roll rate

~jiqure 5)  f ollb -.-c” i h-~ a raur d increase in  bank ang le (Figure 7). This type

cf ho oo v io~ no c~ n -:leed cause the loss of the aircraft . The responses using

tSr d c-sod loop contro l show that divergence is prevented. The response is

very :c d e q u r ~ r rising this control. Figures 9— 11 show the control deflections

r- o,’i red ~~ div ‘ rc n rn- prevention for this lateral directional case.

F i urn e 12 a ho v i- to e  probabilities of each parameter being the true

-J r ci ’ ’ ter. It ra kes lo ss than 1.75 seconds to adapt upon the correct param-
eter w ith  p ro ba b i l i ty  0.8.

H 12
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Case two j O n  chosen to show thc coupling between longitud indl and latera l
C — . Ibi s case starts with a 5 deg/sec pitch rate initial condition

~, Fi q u r 13). Fi gures 14-16 show a buildup in the A-7 response in the lateral
nr bc ~~ec -lao to the initia l longitudinal pitch rate initial condition at the
h i qh anni e of attack reg ime . Figure 17 vividly depicts the buildup of bank

Iri d i e as r h o  aircraft uoes into departure without the control law used . These
fl(cn 1 0S also show that with the control law applied with deflections in
F quro’; 19-20 that the aircraft  is prevented from departure . The control

ii esse nce yield a s o r t  decoupling of modes while controlling the air—

cra t t .

Figures 21-28 show the standard deviations of the estimation error for

e ’ :rr of the conditional Kalman filters. The t rue  parameter  is number  3 i n

r p ~~p tigure s .

9t -~eral adu itional simulations were conducted with different flight

- r d itions as well as noise sequences. Each result is very similar to these

I p ‘:~l resul t’s .

VI. Conclus ions

The is~ rt ~~n l Law and philosophy of flight control developed within is

~t, cw n to be ar a •ccellent method of divergence prevention in the hi gh an g le of
i ’’ a~ k regime . The control l aws found by finding steady state gains for the

fi ll ers us well as the control gains may be readily implemented along with

the p osabi lity estimator for uncertain coefficients. The control law was
s i r i , u iated in detail and shows excellent promise for control in a dangerous

t l i g b t  reg irce.

The model developme nt philosophy points out many key problems in the

high a rO le -:1 attack regime . This information of itsel f i s valua b le .
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APPENDI X A
Equations of Motion

The equations of motion for the aircraft are

= Ax + hu (A.1)

where

X~ X~U0 0 x~ 0 0 cos -y cos 
~ 1

Z~JU0 Z~ +1 0 -o 0 cos~ 0 -~~ s1n a~ C 0

M M - r ( )  + r ( )  o
0 + z  ~~ N , -p

~
( ) -p ~~~ ( )

A = 
V / U 0 0 sin -cos ~~~~

- cos ~~ f l y

0 L 0 L~ L~ 
L’ 0 0

0 N ’ 0 N~ N~ 
N’ 0 0

0 0 0 0 +1 tan 0

0 0 +1 0 0 0 r
0 

0

( A . 2 )

and

43

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -

,

- - ~~~~~~~~~ ,~~~. 

-
- .2 ~~~~~~~~~~~~ --—-~~~~~~~~~ - - -~~~~~~~~~~~~~ - - - -



— - -- - - - . 2 - - .----- ---- --- —- —-.----- - . -- - - 
~~
-

~~~~~~~~~~~~~~
-

~~
--

x 0 XSe

Z /U 0 06 e 0

M 0 0

V /U 0 V /U5e 0 6r 0

B = L ’  L ’  ( A . 3 )

M l  M l
‘ 45  1P4

5e a r

0 0 0

0 0 0

0 0 0

with the s ta te  vector  as g i v e n i n eq ua t i o n  (1) and where X~ , V~ , Z~ is the

expression for ( )/~~, u,~, is the perturbed total linear velocity , U0 is the
fr~~- stredm ve~c~ ity , 

~~~~ 

is nomina l yaw rate, p0 is the nominal roll rate, g

is qr~vity , i~ -M/ i , -

~~~~ 

is the fl ight path angle , and Se, Sa , and 5r are

the elevator , aileron and rudder deflections , res pect i ve ly. The aerodynam ic
coeffi .ients m -~’.’ be found in references [11 , 12] .

The va lLI es ‘or the matrices about the cs , ~ poin t  chosen for the s imula-
t ions  are

- . 063 4 -22 .68  0 -5.766 0 0 +3.187 -32.024

- .00087 — .323 +1. 0 - .0995 - .0338 0 0

0 -3.577 -.386 - .9x10 7 -.00818 +.0025 0 0

0 + 1fl7~ 0 - .1062 +.3216 -.9469 +.1166 +.0l29
(A.4)

0 +3.~J9 0 -4.45 -.849 +.3323 0 0

0 -1.486 0 - .1885 +.0193 -.1 276 0 0

0 0 0 0 +1. - .3396 0 -.0116

0 +1. 0 0 0 +.0104 0

- 
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-0.1025 0 0.6~8

-0. 057 0 0

-2.92 0 0

-0.0037 0 0.0255
B = ( A . T )

-0.292 0.431 1 .4

0.1095 0.031 -0.998

0 0 0

0 0 0

For the C matrix in the measurement equation (compare Eq. 2, p. 3), a

unit matrix (8x8) was used in the sim ul3 t ic~i.
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APPENDIX B
Model Follow i ng Prog ram

-Part 1-
Control Calcula ti ons and Fl ig ht S imulat i ons

1 . Important Parameters

I N T ( 1 ) :  — not use d

I N T ( 2 ) :  (Case) 1: open loop, ramp
2: close loop o -÷ 5e’ step 0c
3: as case 2 & ~ 

4-

4: open loop r(t 0) = -10 deg/sec

5: open loop q(t=0) = 5 deg/sec

I N T ( 3 ) :  NODE -2:

-1 : run p repara ti on

0: s imulation run
+1: end of simula tion

JNT(4): NO 1: A7, MO & ME simulation

2: MO & MF simula tion

3: ME simulat i on
1: A7 output f i le
2: MO ou tput f i le
3: ME output file

INT (S ):  0: A7 derivatives const
1: nonlinear simulation (in older program vers i on only)

INT(6): KEN 0: first call of several subroutines

1: not first call of several subroutines

• INT(7): IHALF max number of bisections of the in itial time incre-
ment in x - calculation

f l ’ IT ( 8 ) :  - not used

INT (9): — not used

46
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INT(10): - not used

R(l) XM run time

R(2) DELTIM time interval for new control calcul ation

R( 3) W we iq ht of control

R(4) integration time for Riccati equation

R(5) time increment of integration (Riccati equation)

1~

47
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~~~. Fl  h~ r t H-o~ r an i , Pa r t l

A7: Aircr aft A7
Input:

MO: 1deal Model
Time i n t e r v a l
si~ u 1 at io n of ME : A7 w i th Model Reference Control
A7, ‘-

~~~ -:~ Cl Mi
‘-‘ and M E 

_ _

~~,~~rout ine L — ~ Task : Input ~~-Matrix for ModelH I’I PUT j I
L

I . m oo t :
r Di fferen t Cases see Importan t

P ~ ‘
~ ~(i) Parameters

Cd .2e INT(2)

I-

~~~: o y ~6~~~~~lO. / 57.3
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0 
- - - —

~~~~~~~~~~~~~
-
~~r z  —- —— -~~~~~~~ .2 -.—-.~~~~~—’---~-’——— 

~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -

A

Case yes 
________

:5  
-
~

L V (3) = 5 ./ 5 7 . 3

sin).
no of

model
0110

7

~yes rI-i Subroutine 

~ L 
of No i se V ri

~m ~~~~~~

_________ - r
S u b r o u t i n e  1 Ca~ :o l a t ion  of Model
CONTROL r Reference Con t rol

. J L

of I
Subroutine with ubr out ine FCT

RKGS ~ ari d Subroutine O’JTP
• I Start at DAT(20)

End at DAT (20) + DELTIM
L

Mode

7
yes

INT(4) = INT (4)  + 1 INT(4) Simulation

1 A7

2 Model
no INl(4)

:4 Model Followin g

yes

STOP
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Subroutine
INPUT

ENTRY

Display r
AM — --i A~ Matrix of ModelMatrix L

N1
Matrix yes

OK
7

RETURN

Input
Chan ge

AM
Matri x

Change of value
~~~~~~~~~~~~~~~~~~ in Row (R) and Column (C)

If R = 0 next col umn
If C = 0 end of chan ging

Endno of
- ,  Change

7

yes

50
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Subroutine
CONTRL

CENTRYD (5~~~)

IA = l  J
_ _ _ _ _ _ _  

L I A = 1 1
[ S U M P ( I ) = O  j

S u b r o u t i n e
PROB

SA(l 3) = f(Al3, IA)
SA(14) = f(Al4 ,IA) PROUT(I) = PR
SA(37) = f ( A 3 7 , IA)

r UM(N) = UAR(N ,IA)

Su b rout i ne iL~ Con trol ISUBCO N 
~j L

Ca
~~~

at b0n 
UMP = UM * PR

I U A R ( I ,I A )  = U M ( I )  
= SUMP(N) +

C I
[IA = IA + l ]

yes~~~~~~~~~~~ 

I

__________  Output[ I 1 ~T, Y~ ,

_ _ _ _ _ _ _  

[ KEN 1

51 
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Subrout ine
SUBCON

11 . I Calcu lation of P withSubroutine 
~~~~~ Subroutine RICCAT

EL RKGS and Subroutine RESULT

r
Subrout i ne t Calcu la ti on of

KBARUP I K

Subrout ine 1 Calculatio n of
KALMAN 

~~ ~i V , X and KG
_ _  _ _ _ _I L

I 
U M = Z X

4?
RETUR ~~~~
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Subroutine Subroutine
K.ALMAN XHM3I3

LE~~RYD Q~~
T RY D

yes ~~~~~ : 1  yes

L ~(I) = IC - Values 1
yes LKEN : 1

V~~ ’ = l/o 2 

~ 

r 

f~a i cu i a ti on

Su b rout i ne [ I Ca lculation of V
KGSU B [ and KG

. 4 I I  . II 1- . -
- .  Subroutine Calculation of X

ft~ 
XHATSB with Subroutine RKGS ,

U Su~~outine XRC A L (g = ...)
Subroutine XHRES

• 

~~~
RETUR

~~D

: 4  
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Sub routi ne
KGSUB

ENTRY

es KEN: 1

7

no

rI I.C. - Values for
V(8*( I_ l )+I ) = SIG(I) r i Loiagona l of V

r
I Calculation of V ~iithSubrout ine i Subroutine VCAL (V= ...)RKGS 
L and Subroutine VRES

KG = VC TV~~1 

1

- - 

(RETURN )

54

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

~
-
~~~~-~~~~

-i: -
..



- -  - ~~~~~~~~~~~~~~~~~~~~~~~~~ - - - 
~~~~~~~~~~~~~~~~~~~~

FCT

C__

E N T R Y  

_ _ _  
Mode I

-?  I x (nomenc lature in text ) 

- 

CASE 
~ on1~ used to find

~~~ , ~R , T ~ J 
i dea l mode l

~ 
-
~r~ text[ M o d e = l ]

CASE 1....5

_ 

~~~ 

_ _

- - IC-Value I
____________ 0 = IC -V a I~ e

~~~~~~~~~

~~~~~~~~~.v~~~~~~~~~~~~~~~~~~~~~~~~~~~AY = A M .Y
]

I y = A Y + BU I
. 4

~~~ RETUR N
J

- 4 55
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Subrou ti ne
PROB

ENTRY
A

A( I)  = A( I) - DA

I A > l  B 
NA = NA+l

? 
A(I): 87

?

1 = 1

yes

N = 1  
I~ . 5

7

r no
XHT(N) = xHI (N,I) i Compare B

— 
., ——t Subroutine

— N + i  I XI-IRES
L.

es N > 8 
PR Calcula tion

? 

PR = f(A , NA)

no

DIE = ~
TCTVR~

1 (V m~C~
T)

ARG(I) = DIF ~T + ARGO 
RETURN

ARG Ø~I) = ARG(I )
- : A ( I )  = A R G ( I )

56
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3. Program Comments a uSo ur ce List in y

The variable names correspond clos€iy to the notation in the text. The

probability density function (compa re Ecuation 16 , page 8) was calculated

(with P(ii .) = 1) in the foll owing way (short notation):2 j

p ~ \ A( i )
=

~~ P( j)e~~~
j =l

with

A f
~ 

~
T CT V R~

1y mdt ..ft K x I  ~ 1dt
to to R

f
t 
~
TCTVR~

1 Ymdt j
t 

XTCTVR
_ 1

CX dt

f  ~
TCTVR~

1 (Ym
.. C~) dt

to

To p revent ove rf low for lon ger s in~ latio n t1)u~

A m’i) = A ( i )  + n(i) 0a

Da = const- , - 87.0

was intro duced. Therefore ,

~ ( i)  = 1
r sum( i)

with

sum(i) = 

~~ 
-~-fi-~- 

e
A l

5 
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and

A 1 = A ( j )  - A (i) + ( n ( j )  - n(i)) Da

The program writes the resul ts on the d isk.
File name :
FOROO1 .DAT for A7
FOROO2.DAT for Ideal Model (MO)

FOROO3 .DAT for Model Following (MF)

The fol l owing pages show a typical dialog.
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APPENDIX C
Model Follow ing Program

—Part 2—
Gra ph i cal Dis p lay of Resul ts

1. Program Control

— The p rogram was controlled by in put of a number (NO):

NO Output

1 perturbed total veloc i ty
2 perturbed an gl e of attack
3 pitch rate

4 sidesli p angle
5 rol l  rate
6 yaw rate
7 bank angle
8 p itch angle

11 elevator deflection

12 aileron defl ection
13 ru dder def lec ti on
14 throttle (thrus t )
0 probability and standard deviation

-l as 1 to 8 with measurements (noise)

-2 end of program
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